Introduction
Motor neuron diseases (MNDs) are a group of neurological diseases characterized by progressive deterioration of the motor neurons in the brain, brain stem and spinal cord leading to muscle weakness and wasting. Spinal muscular atrophy (SMA) and spinal and bulbar mus- fig. 1 ).
Disease Mechanisms
Spinal Muscular Atrophy SMA is caused by mutation (usually deletion) of the SMN1 gene, which encodes most of the mRNA for the SMN protein [1] . The characteristic pathological features are degeneration of the motor neurons in the anterior horn of the spinal cord and group muscle fiber atrophy. Although motor neuron degeneration and consequent muscle denervation are the primary manifestations of the disease, the role of other tissues cannot be excluded. SMN is expressed in all mammalian tissues and is present in both the nucleus and the cytosol of cells. Genetically modified mice with reduced SMN in motor neurons have a milder phenotype than those with ubiquitously low levels of SMN, a finding which indicates that other cell types contribute to the disease manifestations [2] . Several functions have been attributed to SMN (reviewed in Burghes and Beattie [3] and Boyer et al. [4] ), but its best characterized role is in snRNP biogenesis. In the cytoplasm, SMN associates with gemins 2-8 to form a complex that facilitates the assembly of pre-snRNAs with a (heteroheptameric) ring of Sm proteins to form the snRNP core complex [5, 6] . Sm core assembly is reduced in cell extracts from SMA patients, and snRNPs have cell-dependent alterations in an SMA mouse model [7, 8] . Presumably, these altered snRNPs result in the mis-splicing of transcripts that are important for motor neuron survival, but less crucial for other cells. This mis-splicing of key transcripts may contribute to the motor neuron loss in SMA. The role of SMN in this critical cellular function supports the possibility that motor neurons are not uniquely affected by SMN. Loss of the SMN gene in several model systems is early embryonic lethal, demonstrating the need for a minimum level of SMN protein in prenatal development [9] [10] [11] . All patients with SMA have at least one copy of the SMN2 gene, which is similar to SMN1 but encodes less full-length mRNA. Two copies of the human SMN2 gene rescue embryonic lethality in mice lacking the endogenous mouse Smn gene, though the mice live only 5 days on average [12] . However, Smn -/-mice expressing 8 copies of the SMN2 gene do not develop an SMA phenotype [13] . These mouse models demonstrate that SMN2 is a disease modifier, ameliorating disease severity and preventing disease manifestations if present in sufficient quantity. In humans, individuals with the mildest form of SMA have higher copy numbers of the SMN2 gene [14] while individuals with at least 5 copies of SMN2 may be phenotypically normal [15] . It is unclear how much SMN protein is needed to prevent SMA.
Spinal and Bulbar Muscular Atrophy
SBMA is 1 of at least 9 polyglutamine diseases resulting from the expansion of a CAG trinucleotide repeat in the causative gene and an expanded polyglutamine tract in the encoded protein. In SBMA, the expanded polyglutamine tract is in the AR [16] , a member of the steroid/ thyroid hormone receptor family [17] . When testosterone or dihydrotestosterone normally binds AR, it translocates to the nucleus and binds to AR response elements in the regulatory regions of target genes, thereby modulating gene expression. SBMA is characterized by the selective loss of lower motor neurons in the brain stem and spinal cord, resulting in weakness of the limb, throat, and facial muscles. The mutant AR accumulates in nuclear inclusions in motor neurons and also nonneuronal cells such as testis and skin [18] . These inclusions are pathological hallmarks of polyglutamine disease and may represent a protective cellular response to the mutant protein [19, 20] . Work in drosophila and cellular models of the disease has shown that ligand-dependent nuclear localization of mutant AR is necessary to induce SBMA [21, 22] . It is unclear why motor neurons are vulnerable to the toxicity of pathological AR. The late onset of the disease is also unexplained but may result from an age-related decrease in the capacity of cells to degrade the mutant protein or to compensate for its adverse effects.
Molecular Mechanisms
The genetic causes of both SMA and SBMA are known, but the underlying molecular mechanisms of the diseases remain elusive. SBMA likely results from a gain of toxic function of the mutant AR. The length of the CAG repeat modifies the SBMA phenotype; increased length correlates with increased disease severity [23] . The mutant protein has a propensity to aggregate and has aberrant interactions with other nuclear proteins such as CREBbinding protein and TAFII130 [24, 25] . Testosterone and dihydrotestosterone, ligands of AR, also affect SBMA severity. In contrast, SMA is caused by deficiency of the SMN protein and modified by the SMN2 gene, a near copy of SMN1 [14, 26] . The SMN protein is widely expressed and has a role in snRNP assembly. Reduced SMN in SMA mice is associated with splicing defects in genes with a large number of introns [8] . It is therefore possible that SMA results from abnormal RNA splicing, but to date there is no evidence of splicing defects in SMA patients and it is not known how the reduction of snRNP levels would affect the pre-mRNA splicing pathway. The reason for the susceptibility of motor neurons to the toxicity of polyglutamine-expanded AR or the deficiency of SMN is unknown. It is possible that the disease mechanisms are not completely cell-autonomous, i.e., that the primary effects of the disease-causing mutations are not in motor neurons, but in other cells and tissues.
Disruption of Axonal Transport and Cytoskeletal Dynamics
Motor neurons, with their very long and highly branched axons, may be particularly vulnerable to axonal transport defects. Critical proteins are synthesized in the neuronal cell body and transported along the axon toward the nerve terminals, and retrograde transport is important for recycling cytoskeletal and synaptic vesicleassociated proteins [27] . Retrograde axonal transport defects have been reported in motor neurons of amyotrophic lateral sclerosis (ALS) model mice [28] [29] [30] . Polyglutamine length-dependent inhibition of anterograde and retrograde transport has been observed with mutant AR in isolated squid axoplasm [31] . More recently, deficits in retrograde labeling of motor neurons in an SBMA mouse model were observed when monitoring the uptake and retrograde transport to motor neuron cell bodies of the neurotracer CT-HRP, which binds to GM1 ganglioside receptors in the plasma membrane of motor nerve terminals [32] . It has been argued that organelle accumulation and motor protein depletion may act together to disrupt axonal transport [33] . Indeed, accumulation of aggregated mutant AR has been reported to alter kinesin distribution and axonal transport in neurites [34] . Although pathological inclusions of AR have been reported to interfere with axonal transport in a cell model of SBMA [34] , disruption of axonal transport has been observed in SBMA mice with no visible cytoplasmic aggregation [35] .
While physical disruption of axonal transport by protein aggregates has been well characterized, nuclear localization is necessary for the polyglutamine-dependent toxicity of AR, suggesting the effects in axons may be secondary consequences of signaling events or transcriptional dysregulation. Sequestration of transcriptional coactivators by nuclear inclusions formed by pathological AR has been proposed to cause downregulation of dynactin 1, resulting in neurofilament accumulation in SBMA model mice [36] . The HDAC inhibitor sodium butyrate increased dynactin 1 expression and reversed the neurofilament accumulation, consistent with a role for transcriptional dysfunction in the transport defects. Reduced expression of dynactin 1 has been implicated in ALS pathology and reported in the spinal motor neurons of SBMA patients. This reduced expression may represent a common pathogenic mechanism. In addition to its potential effects on transcription, mutant AR has been reported to inhibit fast axonal transport in cells and squid axoplasm through activation of the c-Jun N-terminal kinase pathway [37] . Activated c-Jun N-terminal kinase is thought to phosphorylate kinesin-1 heavy chain and inhibit kinesin-1 microtubule-binding activity [37] . However, contradicting findings have now been reported in one SBMA mouse model [38] . In cultured primary motor neurons and in the sciatic nerve, there was no change in the expression levels of components of the axonal transport machinery nor in the microtubule-binding properties of motor proteins, and no overt defects in axonal transport [38] . Further studies examining the difference in model systems and methodology could help explain the contradictory results and improve our understanding of the potential role of axonal transport defects in SMBA.
In SMA, compromised axonal transport has been proposed to (partially) account for the selective vulnerability of motor neurons. Work by Zhang et al. [39] indicates that SMN must be full length for proper cytoplasmic localization, and that SMN is transported along the cytoskeleton in neurons. In motor axons and growth cones, SMN colocalizes with the ␣ -subunit of the coatomer protein complex ( ␣ -COP) [40] . ␣ -COP is transported along axons in primary neurons and associates with ␤ -actin mRNA. In a neuroblastoma cell line, SMN has ␣ -COPdependent co-localization with polymerized actin. These data suggest that SMN is involved in ␣ -COP-mediated axonal transport of ␤ -actin mRNA and actin cytoskeleton reorganization [40] . The involvement of SMN in ␤ -actin mRNA transport is consistent with earlier work by Rossoll et al. [41] , who showed that SMN co-localizes with the RNA-binding protein, hnRNP-R, a protein that mediates ␤ -actin mRNA accumulation in the growth cones [42] . SMN also interacts directly with ␤ -actin mRNA [43] . Thus, through interactions with ␣ -COP and hnRNP-R, SMN may facilitate ␤ -actin mRNA transport to the growth cones, potentially affecting cellular polarity and motility [44] . Reduction in SMN may compromise these cellular processes; consistent with this, pathfinding defects in motor axons are observed when SMN is knocked down in zebra fish [45] . Injection of fulllength SMN, but not a patient-derived SMN mutant that is still able to bind Sm proteins, critical snRNP components, rescued the axonal defect in zebra fish, suggesting a function for SMN in the axon distinct from its role in snRNP biogenesis [46] . SMN has been shown to interact with another RNAbinding protein, HuD, in both cell models and rodent spinal cord [47] [48] [49] . The SMN-HuD interaction has implications for mRNA localization in motor neurons. SMN is needed for the recruitment of HuD to RNA granules in motor axons and these granules are decreased when SMN is reduced [47, 49] . In addition, mRNAs involved in neuronal process and neuromuscular synapse formation and known to interact with SMA and HuD are decreased when SMN is reduced [48, 49] . Increasing these interacting mRNAs or HuD improves the phenotype of both cell and animal models of SMA [48, 49] . These data support a role for SMA in mRNA localization in motor neurons and suggest that the interactions between SMA, RNAbinding proteins and RNAs may modulate the SMA phenotype.
In addition to its putative role in intracellular trafficking, SMN also interacts with proteins that regulate cytoskeletal dynamics, including the actin-binding proteins profilin 1 and 2 [50, 51] . Profilin regulates the polymerization of globular actin into filamentous actin by catalyzing the exchange of ADP-and ATP-bound actin [52] and by sequestering globular actin monomers [53] . Mutant huntingtin protein expression enhances degradation of profilin, suggesting a link between Huntington disease pathogenesis and actin dynamics [54] . There is also evidence to suggest that SMN interacts with profilin, possibly modulating actin polymerization. Van Bergeijk et al. [55] showed that knockdown of SMN increases the amount of polymerized actin in PC12 cells and reduces neurite outgrowth. Based on these data, the authors proposed a model in which reduced SMN results in increased unbound or 'free' profilin 2, which promotes actin polymerization, disrupts normal actin turnover, and reduces neurite outgrowth [55] . Patient-derived missense mutations and the common deletions of exons 5 and 7 result 203 in the loss of association of SMN with profilin 2, the neuron-specific isoform of profilin [51] , implicating this interaction in the disease pathogenesis.
RhoA signaling, via Rho kinase and profilin 2a, regulates neurite outgrowth [56] . Bowerman et al. [57] sought to characterize this signaling pathway in SMA model mice and found that SMA mice have increased GTPbound (activated) RhoA, while total RhoA remains unchanged. Activated RhoA inhibits neurite differentiation and outgrowth [58] . SMA mice treated with Y-27632, a Rho kinase inhibitor [59] , had an increased life span and increased NMJ and muscle size compared to vehicletreated mice. There was no observable change in SMN protein level in the spinal cord, leading the authors to conclude that the Y-27632-mediated improvement in the NMJ occurs via an SMN-independent pathway. In addition, the number of motor neurons was unchanged in treated mice, suggesting that the improvements in the motor unit size could not be explained by slowing motor neuron loss [57] .
Increased expression of the actin-binding protein, plastin 3 (PLS3), has been reported to ameliorate the SMA phenotype [60] . PLS3 bundles actin filaments, a necessary step in axonal outgrowth [61] . The expression of PLS3 was abnormally high in the unaffected siblings of 7 SMA patients [60] . These unaffected siblings had the same disease mutations and SMN2 copy number as their affected family members, suggesting that PLS3 is a protective modifier of SMA. Overexpression of PLS3 in zebra fish rescues the defects in motor axon outgrowth observed when SMN is reduced. Thus, increased PLS3 may help to mitigate the SMA phenotype by altering actin polymerization [60] .
Deficits in Neuromuscular Transmission
In addition to altered actin polymerization in the axon, defects at the nerve terminus have been reported in lower MNDs [62, 63] . Abnormalities at the NMJ are some of the earliest defects observed in SMA mice. In response to repetitive stimulation, NMJs of severe SMA mice have reduced end plate current, likely due to decreased vesicle release [64] . A separate study did not find fatigue or transmission failure, although SMA mice had approximately 50% the response of control littermates [65] . In a milder mouse model of SMA, intermittent transmission failures were recorded in response to repetitive stimulation [66] . An ongoing observational study in type 2 and 3 SMA patients is analyzing electrophysiological measures to improve understanding of SMA pathophysiology and to develop biomarkers for future clinical trials [67] . Together with the electrophysiological changes, the morphology of the NMJ is also altered in SMA mouse models. At the presynaptic nerve terminal, SMA mice have an abnormal accumulation of neurofilament [64, 66, 68] while at the postsynaptic endplate, the acetylcholine receptors remain clustered in plaques rather than transitioning to pretzel-like formations as in age-matched controls. In addition, SMA mice retain the fetal isoform of the acetylcholine receptors longer than control littermates [64, 66] . These data suggest that impaired transmission hinders maturation of the NMJ and contributes to the SMA phenotype. However, these studies do not establish a causal relationship between NMJ abnormalities and the SMA phenotype. It still remains unclear whether the NMJ phenotype is due solely to SMN deficiency in motor neurons or whether there is a muscle component to this aspect of the pathology.
Further morphological studies have assessed the innervation of skeletal muscles in SMA. Studies in different SMA mouse models analyzing different muscles give contrasting data regarding the axon myelination and caliber, the number and filling of motor endplates, and the structure of presynaptic active zones and postsynaptic folds. These data suggest that the NMJs of different muscles are affected to varying degrees. One consistent finding across mouse models and muscle groups is the absence of a shift in fiber size in SMA mice. Initially, the fiber size of SMA mice is indistinguishable from control littermates. As the mice age, the fiber size of control mice increases, but SMA mice do not show a similar shift in fiber size [65, 69] . Although the NMJs of SMA mice have varying degrees of morphological abnormalities, the muscles all have a similar pathology. In addition, muscle weakness and degeneration occur before motor neuron loss, which suggests that defects intrinsic to the muscle may contribute to the disease manifestations.
Examination of the NMJ of SBMA model mice showed no morphological evidence of muscle fiber denervation, and all examined motor endplates were filled by motor nerve terminals [32] . Although the junctions appeared structurally normal, there was a marked increase in the intensity of synaptophysin staining, which could be a result of accumulated synaptic vesicles in nerve terminals. It remains possible that the NMJs of SBMA patients have functional deficits. Careful electrophysiological analysis in mouse models could provide further insight into this possibility.
Muscle Involvement in MND
While SMA and SBMA are primarily lower MNDs, data from patient biopsies and model mice raises the possibility that muscle is involved in the disease mechanism. SBMA skeletal muscle pathology includes features suggesting primary muscle disease in addition to the expected denervation atrophy [70] [71] [72] [73] [74] . SBMA patient muscle biopsies show neuropathic features including fiber type grouping, target fibers, and angulated atrophic fibers [70, 72, 74] , but in at least a subset of these biopsies, myopathic features including fiber size variability, fiber splitting, and basophilic, and necrotic fibers, are seen. With longterm denervation associated with chronic neuropathy, muscle fiber breakdown and 'pseudo-myopathic' features may be seen [75] . However, evidence in SBMA patients and carriers indicates that denervation may not be the only cause of myopathic features in the disease [74] . Serum creatine kinase levels are higher than normally found in denervating diseases [70, 73, 74, 76, 77] , and myopathic features are also present in SBMA carriers as well as patients [74] .
Consistent with patient studies, electromyography of SBMA transgenic mice shows electrical activity characteristic of denervation [78] . However, SBMA mouse muscle also shows myopathic features, such as fiber size variability and internal nuclei. Compared to control mice, the hind limb muscle of SBMA mice has lower expression of GDNF and NT-4, trophic factors that promote motor neuron survival [78] . These data support muscle involvement in the disease mechanism and suggest that muscledirected therapy may modulate the disease phenotype.
In both normal [79] and disease [80] conditions, IGF-1 induces muscle growth and regeneration. IGF-1 activates the PI3K/Akt pathway which stimulates muscle satellite cells to proliferate, ultimately increasing myotube size [81] . Activation of this pathway also reduces the toxicity of mutant AR in cell culture models of SBMA [82] . AR aggregation is decreased in the muscle of SBMA mice overexpressing a noncirculating muscle isoform of IGF-1 (mIGF-1) driven by a muscle-specific promoter [83] . mIGF-1-overexpressing SBMA mice lived longer and performed better in behavioral tests compared to control SBMA mice. Interestingly, motor neuron number and choline acetyltransferase protein levels increased, and nuclear inclusions of mutant AR decreased in the central nervous system (CNS) of SBMA mice overexpressing mIGF-1 [83] . These data demonstrate that blocking mutant AR toxicity in muscle may improve the disease phenotype, including motor neuron survival, and suggest that the muscle is a potential therapeutic target tissue for SBMA and other lower MNDs. IGF-1 has been evaluated in clinical trials for neuromuscular diseases such as ALS and myotonic dystrophy and found to be without benefit. However, due to its effect on AR toxicity as well as muscle and motor neuron function and survival (reviewed in Musaro et al. [84] ), it may be effective for SBMA.
As with the SBMA mouse model, the life span of SMA mice is extended by crosses to mice overexpressing muscle-specific IGF-1 [85] . Although the mechanism is not fully worked out, there is evidence that muscle may modulate the SMA phenotype through indirect effects on motor neurons. Guettier-Sigrist et al. [86] demonstrated that human SMA muscle cells can be successfully innervated with rat embryonic spinal cord explants in vitro. When the muscle is derived from moderate to severely affected (type 1-2) SMA patients, the innervated myofibers degenerated after 1-3 weeks. This degeneration was not observed with co-cultures using muscle from aged-matched controls or mildly affected (type 3) SMA patients. The symbiotic relationship between muscle and nerve is apparent in that embryonic spinal cord explants survive for 2-3 weeks in the absence of muscle, while normal musclenerve co-cultures survive for over a year under the same conditions [86] .
The molecular basis for this relationship has been examined in a fly model of SMA [87] . Mesoderm-specific expression of RNAi for the Drosophila SMN homolog (Smn) results in a lethal phenotype that is exacerbated by decreased expression of the Drosophila homolog of the fibroblast growth factor (FGF) receptor or overexpression of a downstream inhibitor of the FGF signaling pathway. Altering the expression of FGF components in muscle influences NMJ morphology and neurotransmission. Disrupting FGF signaling results in reduced evoked potential amplitude without affecting the quantal content of neurotransmitter release. Overexpression of the FGF receptor homolog rescues the NMJ defect caused by reduced Smn. Reduced Smn expression decreases the staining for this homolog at the NMJ. However, in the reverse experiment, reduced expression of the FGF receptor homolog does not result in altered Smn. Overall, these data link Smn to the FGF pathway in Drosophila. Smn affects FGF signaling components, and modifying this signaling alters the SMA phenotype.
Evidence from human tissue and model organisms indicates that SMN deficiency causes intrinsic muscle defects. To characterize the molecular pathology of such muscle, Mutsaers et al. [88] used the levator auris longus muscle, which has two distinct bands, one resistant to denervation with SMN deficiency and the other not. The resistant band is useful for studying intrinsic molecular defects in SMA muscle without denervation. Characterizing this muscle band by proteomics, the authors found changes in protein levels with SMN deficiency. These changes were distinct from those seen in denervated muscle and were consistent across two mouse models and muscle from SMA patients. These data support the conclusion that changes in SMN-deficient muscle do not result solely from motor neuron degeneration.
Data from patient tissues are consistent with an intrinsic role of SMN. Muscle cells from control fetuses show an increase in myotube diameter between weeks 10 and 12, but this increase is delayed and first occurs between weeks 12 and 15 in muscle from SMA fetuses [89] . Furthermore, muscle precursor cells from SMA patient biopsies show reduced fusion to myotubes [90] . Reducing SMN in C2C12 myoblasts reduces proliferation and fusion, resulting in malformed myotubes [91] . Consistent with an intrinsic defect in SMN-deficient muscle, mice expressing only truncated and unstable SMN lacking the domain encoded by exon 7 have a dystrophic phenotype and muscle paralysis resulting in death. Thus, a minimum level of SMN is essential for muscle maintenance and survival [92] . In addition, severely affected SMA model mice show no apparent signs of muscle fiber regeneration [93] , which could indicate an intrinsic regenerative defect. Muscle biopsies from severe and intermediate SMA patients rarely show changes in muscle fiber architecture such as degeneration, internal nuclei, and target fibers. Such changes may be seen in mild forms of SMA [94] .
Given that SMN deficiency has been implicated in the muscle maturation and maintenance defects seen in SMA patient cells, interventions to modulate muscle growth and maintenance have been investigated in SMA model mice. In addition to IGF-1, myostatin and follistatin are factors that regulate muscle growth. Myostatin suppresses muscle growth, and its inhibition results in increased muscle mass [95, 96] . Follistatin blocks myostatin activity in vivo [96] . As SMA model mice age, myostatin expression increases and follistatin expression decreases compared to control mice [97] . One study in SMA mice found a significant increase in muscle mass and life span with follistatin administration [98] . In a separate study, SMA mice engineered to overexpress follistatin showed no improvement in muscle mass or life span [97] . The contrasting results of these studies may stem from different experimental methodologies. For example, continuous expression of follistatin may be less beneficial than a large dose of follistatin at critical time points.
Is the motor neuron loss in SMA cell-autonomous, i.e., caused by SMN deficiency in motor neurons alone? Recent work by Park et al. [2] showed that depleting SMN only in motor neurons is sufficient to cause the SMA phenotype, but with milder manifestations than in mice that are universally deficient in SMN. Mice deficient in SMN in motor neurons only, referred to as Olig2-Cre SMA mice, have an impaired righting reflex compared to controls, but this subsides by 2 weeks of age, after which there is no observable difference. Olig2-Cre mice have better survival than mice where SMN is reduced in all tissues, with 70% of animals reaching 1 year of age. Nevertheless, Olig2-Cre SMA mice remain distinguishable from controls based on decreased weight and muscle mass as well as kyphosis. These data indicate that nonneuronal cells have an impact on disease severity in SMA.
Burghes and colleagues [99] also addressed the question of cell autonomy by examining the effects of overexpressing SMN in muscle or nerve. Increasing SMN expression in the brain and spinal cord of SMA mice with a prion promoter extended survival, while increasing SMN expression only in striated muscle with a skeletal actin promoter did not significantly alter the life span. However, the muscle-specific skeletal actin promoter drives expression in postmitotic myotubes, not proliferating myoblasts or satellite cells, and expression of the prion promoter is not limited to the CNS. Thus SMN may have a role early in muscle development such that SMN expression in these proliferating cells is needed to rescue the SMA phenotype. Data from mice with muscle-specific deletion of exon 7 of murine Smn supports this possibility. Targeted deletion of exon 7 in muscle precursors resulted in muscle necrosis, motor paralysis and earlier death than in mice with exon 7 deleted only in fused myotubes [100] . In response to muscle damage, regeneration was impaired in mice with exon 7 deleted in muscle precursor cells and fused myotubes. In contrast, regeneration in mice with exon 7 deleted only in myotubes is not significantly different from controls. These results indicate that increasing levels of SMN early in muscle development may ameliorate muscle pathology and life span.
Interactions of SMN with cytoskeletal proteins could affect muscle as well as nerve. SMN interacts with actinbinding proteins, and Drosophila SMN protein interacts with ␣ -actinin [101] , a component of the muscle sarcomere. ␣ -Actinin cross-links actin filaments [102] and colocalizes with SMN in mouse hind limb and cardiac myofibrils [101, 103] . This co-localization may indicate a functional interaction between SMN and structural proteins in skeletal muscle. There are reports of arrhythmia and cardiomyopathy in SMA patients and model mice, suggesting that cardiac muscle may be affected by SMN deficiency and involved in the disease pathology [104] [105] [106] . Other disorders that are considered primary myopathies (such as oculopharyngeal muscular dystrophy and myofibrillar myopathy) may have peripheral nerve involvement [107, 108] . Much effort has gone into gaining an understanding of the normal function of disease proteins such as AR and SMN and learning how disruption of normal function leads to MND. A growing body of evidence supports a contribution of muscle to the disease mechanisms, indicating that treatment need not be CNS-directed to be at least partially effective. It has recently been shown that the proteasome inhibitor bortezomib improves the motor function and delays the pathology of SMA mice despite limited CNS penetrance of this drug [109] . The studies with muscle-specific IGF-1 overexpression also show that compounds that act peripherally may have beneficial effects on the CNS, for example, through action at the NMJ or trophic effects. Cytoskeletal dynamics and cellular trafficking are critical in muscle as well as motor neurons, and this may explain why both could be involved in the pathology. In ALS, as in SBMA and SMA, there is evidence that nonneuronal cells modulate the disease phenotype. ALS model mice overexpressing the mutant SOD1 protein only in muscle have decreased muscle strength and motor function [110] . A similar phenotype was reported in another mouse model of ALS [111] . The pathways leading to the muscle pathology in these models are not fully understood. Cell death, as measured by caspase 3 activity, and increased atrophy, due to negative regulation of the Akt pathway, have been proposed, but the mouse data are conflicting, perhaps due to the different ALS models used [110] [111] [112] . Similar to the mIGF-1-overexpressing SBMA mice, expression of muscle-specific transgenes affects motor neurons in ALS mouse models. In the case of ALS, the overexpression of diseasecausing proteins results in NMJ abnormalities, including decreased occupancy of NMJs and loss of motor neurons [110, 111] . Overall, these data support a role for muscle in ALS and suggest nonautonomous mechanisms for motor neuron degeneration that may explain their selective vulnerability. Better understanding of how these pathways are compromised in lower MNDs could be very helpful in the identification of new therapeutic targets.
